The time evolution of microscopic topography on corroding aluminum surfaces during oxide film passivation was characterized. Passivation was studied after galvanostatic etching in 1N at 65°C, in both aluminum etch tunnels (by scanning electron microscopy) and micron-size cubic etch pits (by atomic force microscopy).
Passivation is the process by which a film covers a surface, and inhibits dissolution of the underlying material. Passivation by oxide films is important in a variety of electrochemical systems, including corrosion, batteries, and etching. In cases where passivation can occur on interior surfaces of growing corrosion pits or etch cavities, it can control the overall pit or cavity geometry. For pitting corrosion, knowledge of passivaiion is therefore essential for the prediction of the level of damage to be expected from localized corrosion.
Experimental observations of passivation have been mainly confined to electrochemical current measurements. Such measurements give information only about passivation rates averaged over a surface. Models for passivation have been based on concepts of critical conditions of solution composition or potential near the dissolving surface; for example, critical acidification, I chloride ion concentration, 2 potential-dependent competitive adsorption, 3 etc. In focusing on the ultimate cause of passivation, both experiments and models have largely ignored the microheterogeneity of the surface being passivated. However, recent studies using scanning tunneling microscopy (STM) on electrode surfaces have revealed that there is a wealth of topographic detail on a submicroscopic scale associated with electrochemical oxidation and adsorption processes. 4 Knowledge of the microscopic topography of the metal surface during passivation should shed light on its mechanism.
The present work is a study of time-dependent corroding surface topography during passivation of aluminum etch pits and tunnels in HCI solutions. Aluminum etch tunnels are micron-wide corrosion cavities which are formed during anodic etching in aqueous chloride solutions at temperatures above 60~ ~ During tunnel growth, metal dissolves at current densities of several A/era 2 from the tunnel tip, while the tunnel sidewalls are covered with a passive oxide film that prevents corrosion. Partial passivation of the corroding tip surface can be initiated by sudden reductions of the applied etching current and is evidenced by morphological changes in the tunnels such as constrictions of the tunnel width, ~ Tunnel structures become evident on aluminum surfaces after etch times of several seconds; at times of less than 1 s, the dominant corrosion structures are micron-size cubic etch pits.
The early stages of passivation in these experiments are accompanied by characteristic potential transients. 6-8 Previously, the contributions of solution phase ohmic and concentration overpotentials to the potential transients were shown to be less important than the variation of the potentail at the metal surface. 6 Wiersma et al. ~ also showed that * Electrochemical Society Active Member. C Present address: Samsung Electro-Mechanics Co., Suwon, Korea.
reductions in the metal dissolution current at tunnel tips occurred within times less than 1 ms after step changes in applied current; therefore, topog~'aphic features due to passivation may appear as early as a few milliseconds after the step.
In the present work, changes in microscopic surface topography resulting from the early stages of passivation of corroding aluminum surfaces were measured.
Step reductions of etching current were applied to initiate passivation; the current was then held at the reduced value for times between i ms and I s. Through variation of this holding time, the time evolution of surface topography was inferred. Surface topography changes were interpreted using current balance considerations, and potential transients during passivation were measured to determine the controlling influence of potential on the transient surface morphology. Measurements were carried out on both etch tunnels and cubic etch pits to determine the influence of corrosion cavity geometry on passivation behavior. Scanning electron microscopy (SEM) and atomic force microscopy (AFM) were used to image tunnel and pit surfaces, respectively.
Experimental
Aluminum specimens were cut from 99.99% pure foil (provided by KDK Corporation, Takahagi, Japan). Etching was carried out at constant current at 65~ in INHCI solution. Passivation was initiated with step reductions in applied current after a certain etching time had elapsed. Tunnel structures developed from cubic etch pits after times of about 1 s, so a step time of 5 s was used in order to study passivation in etch tunnels, and 0.i s in the case of cubic etch pits. The initial applied current density was 0.040 (tunnels) or 0.200 A/cm 2 (pits). Prior to etching, specimens were pretreated by immersion in 1N NaOH at room temperature for 20 rain, washed with water, and dried in air and vacuum. A potentiostat [Princeton Applied Research (PAR) Model 273] was used to apply etching current. Potential transients were measured by a high speed voltmeter (Keithley 194A), with i00 ~V resolution and i0 bus sampling interval. The etching cell was similar to that described by Hebert and Alkire. 7 The reference electrode was Ag/AgCI/ 4M KCI; all potentials reported in this paper are referred to this electrode.
The morphology of corroded surfaces within etch tunnels and pits was observed with either scanning electron microscopy (JEOL-JSM 840) or atomic force microscopy (Nanoscope III, Digital Instruments). For SEM, oxide replicas of etched aluminum surfaces were fabricated by a standard procedure, in which anodic oxide films were first formed on the etched surfaces, and then the aluminum metal was dissolved in a bromine/methanol solution. 9 The forming voltage of the anodic films was 50 to 75 V, corresponding to film thicknesses of 60 to 85 nm. The replicas were sputter coated with gold prior to SEM observation.
Surface features arising from local metal dissolution could be no shallower than 60 nm to be imaged with SEM, since this was the thickness of the layer of metal oxidized in forming the anodic film. Since the corrosion rate under these experimental conditions was about 2 ~m/s, SEM imaging was limited to surface topography at times later than 30 ms after onset of passivation. Surface topography at earlier times (I to i0 ms) was measured using AFM. AFM could not be used to obtain direct images of the corroded surface because the openings at pit and tunnel mouths were not wide enough to allow the apex of the pyramid-shaped scanning tip to contact the interior surfaces. Thus, AFM imaging was also carried out on replicas of etched surfaces. Replicas for AFIVi were fabricated using epoxy (Petropoxy 154, Structure Probe), rather than oxide films, since the thickness of metal consumed during anodic oxidation would have been comparable to the depth of the features which were to be imaged. Specimens dried in vacuum after etching were covered with a mixture of resin and curing agents, and heated overnight on a hot plate. After curing, the metal was stripped from the replica with bromine/ methanol solution. AFM images of tunnel tip surfaces could not be obtained, because of instabilities associated with the large (>3 ~m), abrupt elevation difference between the surrounding surface and the tunnel tip. These instabilities were found even when the slowest scanning rate, 0.1 Hz, was used. Thus, AFM observations were confined to cubic etch pits.
Results
Scanning electron microscopy study of surface topography during passivation in aluminum etch tunnels.--The applied current waveform which was used in etching experiments is shown in Fig. 1 . The current ratio i Jill was varied between 0.1 and 0.75, and the holding time tL between 5 and 200 ms. When the metal was etched at constant current with no current step reduction, replicas of tunnel tips appeared to be flat crystallographic surfaces. However, when tL was on the order of 1 to 100 ms, the replicas showed a number of roughly rectangular regions, with side dimensions in the range of 0.1 to 1 ~m, which were raised from the surrounding surface. Figure 2 shows a scanning electron micrograph of a replica of a tunnel tip surface after a current step reduction. The raised patches in Fig. 2 correspond to recessed areas on the actual tunnels. Evidently, during the period after the current reduction, the patches were areas where metal dissolved more rapidly than the surrounding flat surface. The remaining paragraphs in this section discuss the variation of the patch distribution with the extent of passivation and with time.
In general, there was a spectrum of patch depth on a given tunnel tip surface. The relative patch depths could be distinguished in SEM by using high contrast and small beam current. creasing tL, at a rate of 2.2 ~m/s, which is essentially the same as 2.1 ~m/s, the steady-state metal dissolution rate in tunnels at this temperature. 5'1~ The term "deepest patches" was used to denote those patches on a given tunnel whose depth was at least 75% of the maximum observed patch depth on that tunnel. Table I indicates that the total number of patches, as well as the number ol deepest patches, decreased with time, which suggests that there was no nucleation of new corroding areas. Thus, Fig. 3 represents the continuing growth of patches which were present at early times. The decrease in patch number is attributed to merging of adjacent patches, as discussed below.
The significance of patches can be understood with regard to current balance considerations. For this purpose, it is important to assess the variation of both metal dissolution and hydrogen evolution rates in current step experiments. Previously, etching was carried out with cyclic current reduction pulses, where in each pulse the current was stepped from ia2 to i~I at t~. 6 Compared to constant current etching, the rates of weight loss and tunnel growth both decreased in proportion to the reduction of applied charge. Thus, the current reductions in Fig. i were supplied exclusively by decreased rates of dissolution from tunnel tips, and the hydrogen evolution current was effectively constant (at i0 to 20% of the applied current). ~ Figure 4 shows that the fraction of the tip surface area occupied by the deepest patches is the same as the ratio of final to initial applied currents. Figures 3 and 4 together imply that the deepest patches are the only source of dissolution current at a given time: if the surface surrounding these patches had been dissolving, Fig. 3 would indicate a patch dlssolution rate larger than 2.2 ~m/s, yielding a total dissolution current exceeding the applied current. Thus, the deepest patches were areas where metal dissolution continued at the same rate as that present on the entire tip surface before the current step. Figure 4 also indicates that at longer holding times, the fractional area occupied by all the patches was significantly larger than iJial, while the fractional area of only the deepest patches was still equal to the current ratio. Patches which were smaller than the maximum depth had evidently passivated at some earlier time.
Observation of transient changes in the surface topography revealed that growth and passivation of corroding patches were coupled through the requirement of constant total current. Figure 5 shows several maps of patch distributions on tunnel tip surfaces, for various pulse time tL, at ia2/ial = 0.325. The maps were obtained by measuring the patch coordinates directly from SEM micrographs, and then adjusting the size of the individual maps so that all had the same length scale. Because the patches were evidently aligned with the <100> orientation of the tunnel tip, patch shapes were accurately represented as either single rectangles, or combinations of several rectangles. The actively corroding (deepest) patches were identified as described above, and are indicated on the maps by shading. The maps show that patches grew in a similar manner to corrosion pits, in that they expanded in width as they grew deeper with time. At 30 ms, there were a number of active patches with average width about 0.3 ~m. As individual patches expanded with time by corrosion, the number of actively dissolving patches decreased to maintain a constant total active patch area (Fig. 4) . This constant area was necessary in view of the galvanostatic etching conditions and the constant dissolution current. Patch passivation continued until only one active patch remained. At later times than those depicted in Fig. 5 , the sidewalls of this patch passivated, and it continued to corrode as a tunnel. The time at which there was only one corroding area on the tunnel tip was approximately 200 to 300 ms, and was found to be the same for different ia~/i~1, i~ For small iJi~, most patches had the shape of simple rectangles. At higher iJia~, there was an increasing tendency for patches to have complex shapes which were approximated on the maps by abutting rectangles. These patches may have been formed when independently growing nearby patches merged.
The time at which the patches initiated could not be determined with SEM, since it was not possible to resolve the surface topography for times earlier than 30 ms after the current step. On the other hand, the initial patch distribution could be approximated by the distribution at 30 ms, by including both active patches and those which had passivated at earlier times. Figure 6 shows the number of patches per unit tunnel tip surface area, as a function of ia2/ial, with tL set at 30 ms. The number density increased linearly at low currents, and then more slowly at higher currents, where patch merging may have been significant. Presumably, the number density would begin to decrease as ia'Jial approached 1. Figure 6 suggests when the patches initially formed, variations in applied current i~2 were achieved by changing the number of patches.
Atomic force microscopy study of surface topography during passivation in etch pits.--As discussed above, SEM imaging of the surface topography was not suitable at times earlier than 30 ms after the current step. Surface topography at earlier times was measured with AFM, using epoxy replicas of etched aluminum surfaces. The AFM studies were carried out on cubic pits, which were the predominant corrosion structures at early etching times, under the same experimental conditions used in the studies of passivation in tunnels. Figure 7 shows an AFM image of an epoxy replica of an etched surface with clearly distinguishable etch pits. The sloping sidewalls of the pits in the micrograph are an artifact due to the pyramidal shape of the AFM scanning tip; the sidewalls are actually perpendicular to the surrounding surface.
To investigate surface topography resulting from passivation, current step reductions were applied at 100 ms etch time, and the current holding time tL was varied from 2 to 11 ms. Figure 8 shows images of pit surfaces for iJial at 0.25 and tL at 5 and 11 ms. AFM images were digitally inverted to simulate the original topography before replication. Raised patches on the SEM micrographs correspond to the dark recessed areas in Fig. 8 and were areas of relatively more rapid metal dissolution. Vertical gray-scale contrast was maximized in these images in order to more clearly delineate the boundaries of the patches. The patches were shallow enough so that their bottom surfaces were accessible to the scanning tip, and their depths could be measured precisely. The width of the patches ranged from 10 to 100 nm, and their depths varied from 2 to 10 nm. The outlines of the patches as viewed by AFM were somewhat more rounded than those in SEM images of oxide replicas. The rounding effect was most evident for the shallowest patches. Probably, the epoxy film was not faithful to the surface topography around the edges of these small features. For pulse times less than 5 ms, no patches could be viewed. It was not known whether the patches were too small at these times to form faithful epoxy replicas, or whether the pit surfaces were in fact smooth. The solid line represents a rote of depth increase of 1.9 ~m/s, obtained by linear regression. Figure 9 shows the maximum patch depth on a given pit as a function of tL, the holding time at the reduced current. The slope of the depth data is 1.9 ~m/s, which was close to the dissolution rate of 2.2 ~m/s for patches formed during passivation in tunnels, and to the steady=state tunnel dissolution rate of 2.1 p~m/s. According to Fig. I0 , the fractional area occupied by the deepest patches in pits (defined in the same way as for tunnels) depended on the current ratio iJi~1, as it did for tunnels (Fig. 4) . The fractional area did not depend significantly on time and was clearly larger for greater i~.2/i~i. The lack of quantitative agreement between the fractional area and current, as was found in tunnels, may be related to the presence of small patches which could not be detected, but which contributed significantly to the current. In other respects, the overall behavior of the patch distributions in Fig. 9 and 10 are very similar to Fig. 3 and 4 for tunnels. Apparently, the patches viewed with AFM in etch pits were also areas of localized dissolution on an otherwise passive pit surface. Thus, the AFM micrographs provide evidence for separation of active and passive areas as early as 5 ms after the onset of passivation. Interestingly, the patches corroded at the same constant rate of 2 ~m/s, even when their depth corresponded to only about 20 atomic layers. The dissolution rate of aluminum in these experiments must then be extremely uniform in time. Figure 11 is a patch depth-equivalent width correlation plot, in which the equivalent patch width is defined as the square root of the patch area. It shows that with increasing time, patch depth and width are correlated, suggesting that patches expanded simultaneously in width and depth. Also, the number of patches near the maximum depth decreased with time, implying that as the patch surface area expanded, the number of active patches diminished by passivation, in order to maintain constant total current. Again, these observations are similar to the development of the patch distribution in tunnels illustrated in Fig. 5 . AFM observations for tL = 20 ms showed smooth pit surfaces with no evidence of patches. Thus, the time for the initial population of active patches to be reduced to one remaining patch was between 11 and 20 ms, as compared to a time of 200 to 300 ms for tunnels.
Potential transients.--Changes with time of the distribution of corroding surface in pits and tunnels were accompanied by time variation of the potential. Figure 12 shows potential transients after current-step reductions at an etch time of 5 s, when tunnels were the primary form of corrosion. In a typical potential transient, the potential dropped sharply to a minimum, and then increased gradually to a steady-state potential, over a time of about 200 to 300 ms. The ohmic resistance of the bulk solution accounts for the difference between the initial and final steady-state potentials. 6 The potential minimum occurred at about 100 ~s after the current step, 6 and marks the time at which the dissolution current from tunnels had adjusted to a lower value, in proportion to the ratio of final to initial applied currents. Figure 12 indicates that increasingly cathodic minimum potentials are associated with smaller iJi~, and hence smaller numbers of patches per unit area (Fig. 6) . Figure 13 shows similar potential transients as those in Fig. 12 , but for etch times of 100 ms, when only cubic etch pits were present. The amplitude of the transient for pits is nearly the same as that for tunnels for the same ia2/ial , but the time period of the transient is much shorter: 10 to 15 ms as opposed to 200 to 300 ms for tunnels. 6 Significantly, just as in the case of tunnels, this potential relaxation time is comparable to the time of 11 to 20 ms for the number of active patches to be reduced to one. In the case of both pits and tunnels, multiple patches are present only when the potential is lower than the steady-state potential. 
Discussion
Patch passivation.--The topographic results presented here show that at small times after current-step reductions, dissolution was localized to small patches. As dissolution proceeded from patches, some were passivated in order to maintain constant current. In this section, experimental potential transients and theoretical mass transport calculations are used to elucidate the factors which control both the formation of patches after the current step, as well as their passivation at later times. Patch formation is explored further in the following paper. 12 Various authors have suggested that passivation may be controlled by a critical solution composition (specifically, a critical pH or chloride ion concentration) which must be present at the corroding surface, in order for the oxide film to be chemically stable. 1 On the other hand, prior work on etch tunnels indicated that passivation in these structures is controlled by a critical electrode potential. 6' 7 ' 13 Detailed interpretations of potential measurements during tunnel etching were reported by Hebert and othersY ' 13 The slope of the steady-state current-potential curve during etching is determined by the ohmic resistance in the etching cell; 6 thus, the steady-state potential at the aluminum surface during etching (i.e., at the tunnel mouths) is nearly the same as the zero current intercept of this curve. This intercept is usually referred to as the repassivation or protection potential, 1 and is the potential below which corroding pits passivate. Hence, the tunnel mouths are at the repassivation potential during steady tunnel growth.
The potential at the tunnel mouth (E) and that at the dissolving tip surface are related by 7
where E~(CL) is the repassivation potential for A1 in an A1C1, solution having the same concentration as the solution near the tunnel tip (CL); ~, is a surface overpotential at the dissolving surface, [defined as the difference between the potential at the tip and ER(CL)]; and the third and fourth terms on the right side are, respectively, the ohmic overpotential ~a and concentration overpotential ~c in tunnels. In ~a, i is the current density in the tunnel, and K the solution conductivity. The coordinate x is along the tunnel axis, ranging from the tunnel mouth (x = 0) to the tip (x = L). The ~ integral is from the bulk concentration Cb (at the tunnel mouth) to the tip concentration CL. t § is the A1 § ion transference number in the tunnel solution, while f_. is the activity coefficient of A1C13. Equation I assumes that the tunnel solution is an A1C13 binary electrolyte. According to multicomponent transport calculations, 14 for etching in HC1 solutions, H § ions are driven out of the tunnel by migration, and A1 § ions are the dominant cationic species at distances greater than 2 to 3 ~m from the tunnel mouth.
For tunnel growth at constant applied current, ~c, ~a and ER(CL) were evaluated using calculated concentration profiles, and then ~, was determined by subtracting these ecsdl.org/site/terms_use address. Redistribution subject to ECS license or copyright; see 129.186.176.91 Downloaded on 2014-02-10 to IP terms from the experimental potential. ~ ~I~ was found to be nearly zero, independent of tunnel length; thus, the potential at the tunnel tip remained close to ER during growth, which accounts for the simultaneous presence of both corroding and passive (sidewall) surfaces in close proximity. Since the solution composition at the tip changes continuously as tunnels grow, this result suggested that ER, and not the solution composition, controls passivation. It should be noted that these transport calculations, in their use of experimentally measured, concentration-dependent values of the diffusivity, transference number, conductivity and activity coefficient, are suitable in the concentrated solutions found in tunnels.
In the present experiments, the current step was followed by a period of transient diffusion, during which electrolyte diffused out of the tunnel in order to adjust the concentration profile to the reduced flux of aluminum ions from the tunnel tip. This time-dependent concentration profile was determined by solving the transient diffusion equation, v and was then used to calculate E~(CL), ~, and ~In in Eq. i.
Again, ~, was found by subtracting the other terms in Eq. 1 (and the ohmic potential drop in the bulk solution) from the experimental transient. The same concentration-dependent properties were used as in the potential calculations for steady tunnel growth at 70~ ~3 Figure 14 shows the predicted overpotentials, along with the tip AICl~ concentration, for the conditions of Fig. 12 (iJi,~ = 0.5). These results can be used to assess the role of either ~I~ or the solution composition as variables which might control passivation. Since both the pH and chloride ion concentration at the dissolving surface are functions of CL, discussion of the effect of solution composition on passivation will focus on this variable. It was argued above that during steady tunnel growth either before or after the current step, the controlling variable was at a critical value allowing active (tip) and passive (sidewall) surfaces to coexist. Here, the passive film advanced slowly along the sidewalls at the same rate as that of dissolution (2 ~m/s). At the current step, the rate of passivation increased sharply, resulting in partial coverage of the dissolving surface within a few microseconds. It is expected that this increased passivation rate would be accompanied by an abrupt shift of the controlling variable, followed by a period in which the variable relaxed to its value during steady tunnel growth.
The behavior of ~ closely followed this expectation. ~s maintained the same value, zero, during steady tunnel growth before and after the step. The abrupt drop of ~ at the current step coincided with the rapid reduction of dissolution current within 100 ~s after the step which preceded the appearance of patches. ~ Also, the time of 200 to 300 ms when multiple active patches were present agrees with the time of the ~ relaxation. Presumably, the cathodic % during this time provided the driving force to passivate patches, as the fiumber of patches per tunnel was reduced to one. Unlike ~s, the AICI3 concentration at the dissolving surface (CL) did not follow the behavior expected for the variable which controls passivation. CL decreased to a lower value after the current step, hut the time for it to change, 50 ms, was much too long to be compatible with the time of i00 ~s during which the dissolution current was reduced. In addition, CL did not assume the same critical value during steady tunnel growth before and after the current step.
Thus, both the initial passivation at the current step, which resulted in the appearance of patches, and the selective passivation of patches at later times were associated with cathodic values of ~s. The maintenance of passive sidewalls during steady tunnel growth corresponds to ~s = 0. On the other hand, there is no clear relationship between changes in the tip solution composition and the occurrence of passivation, so it is concluded that it is E~, not a critical solution composition, which controls passivation in these experiments.
Similar considerations can be applied in the analysis of passivation in small cubic etch pits. Because of the small size of these pits (average depth less than 0.5 ~m), the me and ~a terms in Eq. 1 are small compared to the amplitude of the potential transients.15 Hence, these transients can be taken to represent transients of ~s-It is clear that just as for tunnels, passivation is associated with cathodic ~ values.
Several general inferences about the process of passivation on aluminum can be drawn from these results. Corroding surfaces in pits or tunnels dissolve uniformly and continuously at E~. When the potential at these surfaces drops below Em partial passivation occurs, leaving small patches on which dissolution continues. With greater time below Em these patches passivate, small patches apparently having a greater probability to passivate than large patches (Fig. 5) . The criteria responsible for this size selectivity cannot be given at the present time. If the potential were maintained indefinitely below ER, all patches would eventually passivate, since the steady-state dissolution current is zero below ER. Thus, patches are an unstable form of corrosion which temporarily exist at potentials below ER. Probably, a surface layer is present on a patch which differentiates it from the surrounding surface. The physical nature of this layer is discussed further in the following paper. 12 Interestingly, the dissolution current density on patches was apparently constant and independent of potential. Apparently, oxide film formation below ER is not coupled to the dissolution reaction on the part of the surface which continues to corrode.
Time required for topographic changes to occur.--Multipie patches were found for a period of 11 to 20 ms in pits, and for 200 to 300 ms in tunnels. In this section, it is shown that the period when patches are present is determined by the size of the corroding surface. The different widths of pits vs. tunnels account for the distinct time scales for topographic changes. Figure 15 depicts the increase of the mean width of active (deepest) patches during the period of topographic changes. The mean active patch width increased at a rate of 28 ~m/s in pits and 14 ~m/s in tunnels. These values are larger than the metal dissolution rate of 2 ~m/s because of the contribution to patch growth of merging of adjacent patches. Patch growth was accompanied by selective patch passivation, until one patch remained which was large enough to supply all the etching current from the pit or tunnel. W~, the mean width of these final patches, should be WT(i~z/i,~) ~/2, where WT is the mean width of pits or tunnels.
WT was measured from SEM micrographs and was significantly smaller for pits (0.87 ~tm) than for tunnels (3.8 ~m).
Calculated W~ values are shown in the figure; there was a pronounced difference in the final patch widths between pits and tunnels. By linear extrapolation of the patch width data, the time at which only one patch remained was estimated. These times, indicated by the arrows in the figure, are 24 ms for pits and 220 ms for tunnels. They compare favorably to the potential relaxation times (Fig. 12 to 14) , as well as to the time periods when multiple patches were present (200 to 300 ms for tunnels and 11 to 20 ms for pits). Thus, the times for topographic changes on surfaces in pits and tunnels differ from each other mainly because of the different overall widths of these structures, which give rise to contrasting values of W~. The different time scales do not arise because of separate passivation mechanisms.
Conclusions
The evolution of microscopic surface topography during oxide film passivation of aluminum was studied using scanning electron microscopy and atomic force microscopy. Passivation was initiated by step reductions in applied current during galvanostatic anodic etching in 1N HC1, at 65~ At times of 1 to 300 ms after the current step, the corroding surface in pits and tunnels was microscopically heterogeneous, consisting of a number of small dissolving patches of submicron dimensions (0.01 to 1 ~m). Individual patches dissolved at constant current density, and as they enlarged with time, the requirement of constant overall current forced the passivation of increasing numbers of patches. Passivation in tunnels and cubic etch pits has very similar topographic characteristics, but the time scale of the passivation and merging of patches is much shorter for pits (Ii to 20 ms) than for tunnels (200 to 300 ms). This difference in time scales is related only to the different size of the corroding surfaces within pits and tunnels.
Patches were formed as a response to the sudden drop in potential at the time of the current step. The steady-state potential both before and after the current step was the repassivation potential E~. Thus, corroding aluminum surfaces dissolve uniformly only at the repassivation potential, but at lower potentials they are composed of multiple active patches. Patches are unstable dissolution features which eventually passivate if the potential is held below ER. Probably, patches are defined by the presence of a surface layer which prevents passivation of the underlying metal. The mechanism of patch formation will be further discussed in the following paper, z2 The present work has shown that a time-dependent spatial inhomogeneities, associated with a reorganization of submicroscopic active and passive areas, accompany passivation of aluminum pits and tunnels. It is hoped that this more detailed picture of passivation which has emerged may provide a basis for the construction of increasingly sophisticated models of this process.
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